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Abstract 
In order to improve the Electromagnetic Interference (EMI) performance of grid-connected power electronics converters 
within the new 9-150 kHz frequency range, this digest investigates feasible solutions through modifying the EMI filter 
and applying spectral shaping method. The proposed solutions are validated based on a 1 kW single-phase Power Factor 
Correction (PFC) rectifier prototype. Moreover, frequency domain modeling approach is utilized as a virtual-oriented 
methodology in order to analyze the converter behavior and provide fast prototyping. 
 
 
 
1 Introduction 
The global shift of energy paradigm to carbon-free tech-
nologies has dramatically increased the penetration of grid-
tied power electronics systems. However, the pulse energy 
conversion of power electronic converters and necessity of 
communicating along the power line leads to serious har-
monic emission interferences, which cause the power grid 
to operate in an unpredictable and undesirable fashion. Alt-
hough standard regulations are in place to make power 
electronics systems compatible with power grid operation, 
but extensive penetration and complex interaction among 
power electronics systems can become one of the main ob-
stacles in enabling green energy generation and consump-
tion. 
Standard limits are set based on the reported disturbance 
incidents on the power grid over the years in order to pro-
tect sensitive equipment and control emitted harmonics 
from noise sources. As it is shown in Figure 1, while fre-
quency ranges below 2 kHz and above 150 kHz are well 
covered with multitude standards, there are no general 
standards for the 2-150 kHz range [1], [2]. Recently, the 
number of reported disturbances caused by this emission 
range is growing. The main reason that this frequency 
range has gained a lot of attention than before is the exten-
sive penetration of the Pulse-Width Modulated (PWM) 
converters and Main Communication System (MCS) due 
to their technological advancement and significant market 
price reduction, which has increased the harmonic emis-
sion interferences within this range. Consequently, Inter-
national Electrotechnical Commission (IEC) the world 
leading authority to prepare technical documents for inter-
national standards has requested international experts to 
define standardization for harmonics within the frequency 
range of 2 kHz-150 kHz [1].  
According to the IEC Technical Committee 77A (TC77A) 
activity, the 2-150 kHz range was split to two main fre-
quency bands (i.e., 2-9 kHz and 9-150 kHz). The influence 
of PWM converters on these frequency bands mainly de-
pends on the type of the converter and its switching fre-
quency. For instance, currently low power active rectifiers 
operates at frequencies above 9 kHz, while medium and 
high power PWM rectifiers operates at switching fre-
quency below 9 kHz. 
 
Figure 1 Harmonic and conducted EMI frequency ranges classified by IEC for distribution networks 
Giving the fact that MCS mainly utilizes frequency band 
between 30 kHz to 150 kHz, the 9-150 kHz frequency 
range has gained more interest. This paper investigates fea-
sible approaches in controlling the generated high fre-
quency harmonics in single-phase PFC rectifier (see Fig-
ure 2). The main goal in this work is to address simple but 
effective approaches to improve the EMI performance of a 
rectifier with a Differential Mode (DM) EMI filter that is 
originally designed to meet standard limits for frequency 
ranges of above 150 kHz. Furthermore, a frequency do-
main approach is utilized which model the EMI behavior 
up to 150 kHz as a virtual-oriented methodology. 
 
2 EMI Simulation (9 – 150 kHz) 
Modeling and predicting conducted EMI is of significant 
importance, as it not only gives the ability to evaluate the 
high frequency current injected from PFC converter to the 
grid, but also it reduces time-to-market. Moreover, using 
this virtual-oriented methodology it is possible to optimize 
the filtering parameters. 
Conducted EMI modeling is well covered in the literature 
through time-domain and frequency-domain approaches 
[3], [4]. In order to predict the conducted EMI, the meas-
urement setup needs to be modeled following the EMC 
standard recommendations. In this section modeling of two 
important parts of the measurement setup, Line Impedance 
Stabilization Network (LISN) and EMI receiver are briefly 
addressed. Notably, in this work the frequency range of in-
terest is below 150 kHz, which makes it different than prior 
introduced methods. 
2.1 LISN/AMN 
LISN or as stated in the new version of the IEC standards 
Artificial Mains Network (AMN) provides three important 
features of (a) high frequency decoupling between the 
power converter and the mains, (b) fixed impedance for 
line and ground currents and (c) repeatable measurement. 
Figure 3(a) shows the circuit diagram of LISN following 
CISPR16 [5] for the f > 9 kHz. The noise voltage umeas 
measured in time-domain is transformed to frequency do-
main using Faster Fourier Transformation (FFT) for further 
analysis. Here, the 50 Ω resistance represent the EMI re-
ceiver impedance.  Figure 3(b) illustrates the LISN trans-
fer function. Notably, for the f  < 150 kHz the LISN imped-
ance is not fixed at ≈ 50 Ω. 
2.2 EMI Receiver 
The second part, which needs to be implemented for EMI 
prediction, is the EMI receiver model. Figure 4(a) illus-
trates overall structure of the EMI receiver. In fact, the ex-
act modeling of the EMI receiver due to lack of information 
from the manufacturers is not a trivial task and requires sig-
nificant effort. Therefore, here as it is recommended in [3], 
[4] a simplified version has been considered for modeling.  
The band-pass filter, which is known as Resolution Band-
width (RBW) filter, affects the magnitude of EMI emis-
sions when it is applied to the spectrum of the measured 
voltage at LISN. This is due to the fact that the bandwidth 
of this filter (i.e., BWRBW) is defined according to the fre-
quency band of interest following the standard regulations. 
 
Figure 2 Implemented PFC rectifier, (a) overall structure
of the system, (b) typical current waveform in CCM 
 
Figure 3 Band A LISN/AMN according to CISPR16, (a)
LISN circuit per line, (b) impedance frequency behavior of
LISN for DM converter input current idm 
For instance, for Band A (9 – 150 kHz) BWRBW  = 200 Hz 
while for Band B (150 kHz – 30 MHz) measurements 
BWRBW  = 9 kHz. Figure 4(b) shows the maximum and 
minimum limits of RBW filter following CISPR16 stand-
ard [5] for Band A measurement. Notably, in order to 
model the RBW filter a 4th order Butterworth filter is used. 
In practice, the RBW filter center frequency (MB) is fixed 
and the EMI receiver mixer and oscillator adapts the spec-
trum of the measured voltage according to the center fre-
quency. However, following [4] in order to omit modeling 
of the mixer and oscillator, the center frequency of RBW 
filter can be shifted over the frequency band of interest us-
ing frequency sweep (fsweep). Utilizing the following equa-
tion the peak (Umax) EMI emission can be predicted [3]: 
 
 
  
  (1) 
 
 
Figure 5 exemplifies the peak measurement procedure fol-
lowing (1). Finally, a gain of 1/√2 should be considered as 
the Gain in Figure 4(a). 
3 Proposed Solutions 
The main goal in this paper is to investigate the feasible 
solutions to adapt the PFC rectifier EMI performance (orig-
inal designed for Band B limits) to the new frequency Band 
A limits.  In order to validate the EMI emission of the PFC 
rectifier shown in Figure 2, the CISPR11-A limit [6] is 
considered for 150 kHz - 30 MHz and for 9 - 150 kHz 
CISPR15 [7] is applied as a generic standard. CISPR 15 is 
one of the only few existing standards defined for lighting 
and similar equipment but it is not a general standard. Fig-
ure 6 illustrates the considered standards.  
3.1 Modifying EMI Filter 
In this paper, as the focus is on the low frequency EMI 
emissions, only DM EMI filter is considered. As it has been 
shown in [8], for a multiple-stage LC filter, the minimum 
volume can be obtained if same inductance and capacitance 
values are selected for all stages. In this study a two-stage 
DM filter is considered with one damping stage (Figure 7). 
Following the required standard limit the required attenua-
tion based on the measured emission in (1) can be esti-
mated as [3]:  
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Figure 4 (a) Overall structure of the EMI receiver [5], (b)
characteristics of Band A RBW filter following CISPR 16
standard 
 
Figure 6 CISPR Quasi-Peak (QP) limits for 9 kHz – 30 
MHz frequency range 
 
Figure 5 Conceptual illustrations of the applied peak meas-
urement approach in frequency domain [3] 
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where Umax is the first peak emission appeared in the fre-
quency band of interest. In (2) a Margin with typical value 
of  6 dB is accounted for the existed uncertainties due to 
parameter tolerances. Based on (2) and the two-stage EMI 
filter attenuation the following should be met: 
   (3) 
Notably, in (3) the effect of the damping stage is neglected. 
Based on low-pass filter behavior of an EMI filter, the sim-
plest way to mitigate the emission within the 9 - 150 kHz 
range is to shift the filter cut-off frequency to a lower value, 
which in return increase the size of the EMI filter and may 
lead to stability issues. 
Moreover, as it is shown in the result section, modifying 
the EMI filter (e.g., here by adding another capacitor CDM2) 
reduces the emissions below the low-frequency limit. The 
amount of EMI filter size increase depends on the con-
verter switching frequency and Ldc.  
3.2 Spectral Shaping 
One of the effective methods to improve the EMI perfor-
mance of a converter without significantly changing the 
EMI filter size is to modify noise emission spectrum. Gen-
erally, spreading the noise emission energy across the spec-
trum can be obtained in two different ways; (a) variable 
switching frequency and (b) randomization schemes. How-
ever, over the past decade these spectral shaping tech-
niques have been mostly applied to DC-DC converters op-
erating at fsw > 150 kHz in order to reduce EMI emissions 
above 150 kHz.  
In this paper, in order to mitigate low frequency EMI emis-
sions, frequency dithering technique [9]-[11] as a variable 
switching frequency scheme is considered for the spectral 
shaping. The basic concept behind frequency dithering is 
to change the switching frequency within a specific band 
rather than having a fixed switching frequency. Figure 8 
shows the frequency dithering concept in a PFC rectifier. 
The general time-domain analytical expression of a fre-
quency modulated sinusoidal signal following a specific 
modulation profile m(τ) is [10]: 
 
 
 (4) 
 
where Ac is the amplitude of carrier signal, fsw is the switch-
ing frequency and θ(t) is a time dependent phase angle. The 
modulating profile m(τ) can be sinusoidal, square wave, 
sawtooth and triangular [9]. As it is shown in Figure 8(a), 
the triangular profile as one of the most effective ap-
proaches is selected for this study. A symmetrical triangu-
lar waveform can be expressed in time domain using Fou-
rier series analysis as: 
 
  (5) 
 
with Am and fm being the amplitude and the frequency of 
the modulating waveform, respectively.  
 
   (6) 
 
 
Figure 8 (a) frequency dithering scheme using triangular
modulation signal, (b) effects of modulating index β on the 
spectral content of the modulated signal 
 
Figure 7 DM EMI filter configuration with two filtering
stages and one damping stage 
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By taking integral of (5) and substituting in (4), the time 
dependent phase angle can be given as: 
 
  (7) 
 
where β is defined as modulation index: 
 
   (8) 
 
According to [9], [10] the modulating index β directly af-
fects the spread spectrum bandwidth B: 
 
  (9) 
 
with h being the multiple of the switching frequency har-
monics. As it is exemplified in Figure 8(b), as β increases 
the signal energy more distributed over the bandwidth. 
Based on (8) this can be obtained by increasing the fre-
quency deviation or reducing modulating signal frequency. 
However, from EMI measurement point of view there are 
three important factors to be considered. Firstly, as it is 
shown in Figure 8(b), the modulating frequency (fm) de-
fines the distance between the spread frequency bins. 
Therefore, it should be selected to be fm ≥ BWRBW, which  
BWRBW  is the bandwidth of the EMI receiver RBW filter. 
Since this filter has a bandwidth of 200 Hz for the 9-150 
kHz range, the distance of the frequency bins should be 
equal or larger than 200 Hz. The second important factor is 
the spread spectrum bandwidth (i.e., B). This factor should 
be selected in a way to prevent possible overlaps between 
the multiple of the switching frequency harmonics, which 
reduce the effectiveness of the dithering technique.  
Finally, according to (5) the phase shift of the dithering sig-
nal ϕ can affect the energy of the spread spectrum. How-
ever, this effect cannot be analyzed using the frequency 
modulating function [11]. This parameter should be set fol-
lowing the power converter PWM operation. As it is shown 
in Figure 8(a), the dithering signal is adjusted at the reach 
region where the maximum switching happens.    
4 Results 
In order to evaluate the proposed solutions, the PFC recti-
fier shown in Figure 2 is considered with two different 
switching frequency (fsw) under Continuous Conduction 
Mode (CCM) as it is summarized in Table 1.  
Firstly, in order to show the 9 – 150 kHz EMI performance 
of the PFC rectifier when its EMI filter is originally de-
signed to meet > 150 kHz (Band B) limits, two simulation 
cases are considered. Figure 9 illustrates the simulated 
EMI emission of a single-phase PFC converter operating at 
two different switching frequencies. As it can be seen, the 
generated emission based on the original EMI filter de-
signed to meet above 150 kHz limits does not comply with 
CISPR 15 limits. Table 2 summarizes the differences be-
tween CDM values for each considered cases. Notably, in-
creasing the size of the EMI filter not only impair the con-
verter power density, increase cost and loss, but it also may 
create low frequency resonances at system level [12].  
In order to evaluate the simulation results a hardware pro-
totype is implemented following Table 1 and 2 parameters. 
Figure 10 depicts the measured experimental waveforms 
with frequency dithering operation. Finally, Figure 11 
shows comparative simulation and experimental results. 
Following the required modified EMI filter values it is ob-
vious that applying the frequency dithering can results in a 
smaller EMI filter size. Comparing with only increasing 
the EMI filter capacitance (CDM2), applying frequency dith-
ering in both switching frequency cases result in 1.64 times 
smaller capacitor size. Thereby, it is an effective method in 
adapting PFC rectifiers with minimum modifications on 
the original circuit to meet the new frequency of Band A 
limits. 
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Figure 9 Obtained simulation results with original and 
modified EMI filter at two different operating conditions
of (a) fsw = 20 kHz, (b) fsw = 40 kHz 
Table 1  Parameters of the System 
Symbol Parameter Value 
Us Grid phase voltage 230 Vrms 
fg Grid frequency 50 Hz 
Ldc DC link inductor 
1.8 mH @ fsw = 20 kHz 
0.9 mH @ fsw = 40 kHz 
Cdc DC link capacitor 500 µF 
Udc Output voltage 400 Vdc 
Po Output power 1 kW 
Table 2 Modified EMI Filter Values 
 (Ldm is fixed @ 180µH, Rdamp = 11Ω) 
fsw dithering Δfsw fm *CDM1 **CDM2 
20 kHz No - - 250 nF 1.4 µF 
20 kHz Yes 6 kHz 200 Hz 250 nF 750 nF 
40 kHz No - - 250 nF 390 nF 
40 kHz Yes 12 kHz 200 Hz 250 nF 140 nF 
*C
DM1
: Original value to meet > 150 kHz standard limit 
 **C
DM2
: New value added to meet 9–150 kHz limit (see Figure 7)
Moreover, the obtained results not only confirms the effec-
tiveness of the investigated methods, but also shows a close 
agreement between the obtained simulation results using 
the employed frequency-domain approach and the meas-
ured results. It is to be noted that since using frequency 
dithering results in a spread spectrum, further investigation 
regarding obtaining proper EMI filter damping is required. 
5 Conclusion 
This paper investigates feasible approaches in mitigating 
EMI emission within the new 9-150 kHz frequency range. 
Although, increasing the size of EMI filter would be an 
easy solution, but it is not a feasible approach since it in-
creases the size, cost and loss of the system. The EMI filter 
modification could be kept as minimum as possible if spec-
tral shaping method is utilized. The presented simulation 
and experimental results validated the proposed strategies.  
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Figure 10 Measured experimental waveform of a single-
phase PFC rectifier with Table 1 and 2 parameters (fsw = 
20 kHz and modified EMI filter) with frequency dithering 
Figure 11 Obtained experimental and simulation EMI
peak measurement (Band A): (a) modified EMI filter with
fixed switching frequency of 20 kHz, (b) modified EMI
filter with frequency dithering (fsw = 20 kHz, Δfsw = 6 kHz)
